A new GaInP/GaAs HBT model for power applications is presented. It is based on the GUMMEL-POON model. Additionally, it accounts for the increase of the thermal resistance at high temperatures and the high collector-current base push-out effect. The model is validated for GaInP/GaAs HBTs.
INTRODUCTION
Hetero-bipolar transistors (HBTs) are ideal devices for microwave power applications because of their high linearity and the ability to operate at high current densities, which yields record power levels for a given device size. For transistor optimization and for power amplifier design, a large-signal HBT model is necessary that includes all relevant effects. For high-power operation, the two main limiting effects are self heating due to the dissipated power and base widening due to high collector currents (KiRK effect, base push-out). This is in contrast to conventional bipolar transistors, where high-level injection into the base (WEBSTER effect) and widening of the base-collector space-charge region into the base (EARLY effect, punch through) dominate. In HBTs, both are prevented by the high base doping. The models on GaAs-based HBTs published so far focus on small current densities ( [1] , [3] , [4] ), where self heating depends linearly on dissipated power and base push-out does not occur.
In these papers, the effect of self heating is accounted for by including a constant thermal resistance. At high currents, however, nonlinearity of the thermal resistance becomes important [5] . This is included in our improved model. Furthermore, the KnK effect is accounted for, which becomes important at high current densities, in our case above ca. 1.5 x 105 A/cm2. MODEL A. Basic Approach The model is based on the GUMMEL-POON description. An additional diode with series resistor has been included to model the nonideal base-emitter current due to recombination at the heterojunction [2] , that leads to different ideality factors of base and collector current (Figs l. and 3.(A)). The diode parameters are extracted from GUMMEL plots.
The intrinsic depletion capacitances and the external parasitics are determined from smallsignal S-parameter measurements at open collector condition and in the off region [10] . The remaining elements are determined from small-signal equivalent-circuit element extraction by a linear least-squares method in a wide range of bias points.
28th European Microwave Conference Amsterdam 1998 B. Thermal Modeling The dissipated power leads to self-heating of the HBT. This is accounted for by a thermal equivalent circuit, modeled by a thermal capcitance Cth and a thermal resistance Rth. From the physical point of view, the thermal resistance of the HBT is temperature dependent, because the thermal resistance of GaAs varies with temperature. Therefore, linearization of the HBT's temperature dependence leads to large errors at bias points with high DC power dissipation [5] .
To improve the stability of the model, the temperature dependence of the thermal resistance is transformed into a power dependence at constant ambient temperature. It is described by a quadratic formula that allows direct calculation of the thermal resistance from dissipated power. Thus, the thermal resistance can be calculated directly from DC voltages and currents without an additional iteration cycle.
C. KIRK Effect At high collector currents, the charge of the electrons partly compensates the ionized donors in the space-charge region of the collector [6] . This results in an effective widening of the neutral base into the collector region. As a consequence, current gain and transit frequency decrease [6, 7] . The first effect is due to recombinaton in the effective base region, which decreases the base transport factor. It is not necessarily observed in HBTs with high electron lifetimes in the base (see Fig. 4.(B) ). The second effect is caused by increased base transit time. For Si/SiGe-DHBTs, a model for the KiRK effect is presented in [11] . Due to the different electron velocity in GaAs, a new physics-based model of this phenomenon was developed.
The base widening starts abruptly [6, 7, 8, 9] and behaves approximately inversley proportional to the collector current Ic, for IC beyond an onset current Ik. The effect on base transit time is given by 2 
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77 DB with the effective base width WB, the electron diffusion constant in the base DB and a factor rj that describes the electron drift in the base. The base transport factor is given by cosh LB with the electron diffusion length Ln.
The dependence of base widening on collector current is described directly as a function of the intrinsic voltages. Thereby, no iterations are necessary to calculate the collector current. Only five parameters are required, in addition to the GuMMEL-POON model. The parameters are base and collector width, the slope of the base widening with increasing Ic, and (Tj DB) and LB.
VERIFICATION
The devices under test are a 2 x 20 p.m2 (HBT A) and a 3 x 15 p.m(2H1RT B) single-emitter GaInP/GaAs HBTs designed as elementary cells for power HBTs for 2 GHz applications. The transit frequency of the first without base push-out is about 27 GHz. DC simulations and measurements for HBT A are shown in Fig. 3. Fig. 3.(A) shows the GUMMEL plots, in Fig. 3.(B) , the I-V characteristics with base current I, as parameter are plotted. The advantages of the new model in the high-current regime are clearly visible. 4.(B) shows transit frequency ft and current gain aO of HBT B as functions of collector current. In contrast to HBT A, a variation of the current gain cannot be observed, while the transit frequency decreases from 35 GHz to 12 GHz. In this case, the base widening affects mainly the base transit time, while the current gain remains virtually unchanged due to high electron lifetime in the base.
Note that all figures include current densities of up to 2 x 105 A/cm2, which are of particular interest for power applications. In order to demonstrate the large-signal properties, power measurements of the HBT A at twotone excitation up to an input power of 5 dBm and at one-tone excitation at an input power of 1 dBm are plotted in Fig. 5 . Good agreement between measurementsand simulation is found.
CONCLUSIONS
A new GaAs-HBT large-signal model is presented. It is based on the GUMMEL-POON model and includes nonlinear thermal behaviour and high collector current base push-out. These effects prove to be significant in the high-power regime. The extended description yields improved accuracy at high current densities. -I .9 .It .%^2 3 5 
